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13. ABSTRACT (Cont.)

Only gram quantities of the Dow Corning crystaliine SiC fibers were available during the first year of the
program, thus, emphasis was placed on the mechanical, chemical, and microstructural characterization of the
fibers themselves, as well as their fracture behavior, bonding characteristics, and interfacial compatibility with
various glass-ceramic matrices. It was found that most of the SiC fiber lots from Dow Corning consisted of
basically stoichiometric SiC (B-SiC) with a small amount of boron, with the fiber surface composition rangin:
from carbon rich to high boron plus nitrogen content. The grain size of these fibers averaged ~1500-2000
with some fibers exhibiting larger grains (3000-4000A) near free surfaces with the fiber interior consisting of a
mixture of smaller grains (~1000A) surrounded by an extremely fine grained (<100A) structure which has as
yet not been positively identified. Most of the SiC ﬁber/ilass-ceramic matrix couples exhibited fiber/matrix
interfacial debonding upon fracture and a very thin (<200A) carbon rich interfacial layer from scanning Auger
analysis. However, examples within the same sample of very strong fiber/matrix bonding and no interfacial
carbon layer formation could often be found. It appears that fiber surtace compositional variability is playing a
role in these observations. Questions dealing with fiber surface chemistry and structure, fiber strength and
thermal stability, reproducibility and scale-up to larger fiber quantities for actual composite fabrication and
testing, and the reactivity and bonding characteristics of the fibers with refractory glass-ceramic matrices are
scheduled to be addressed during the second year of this program.
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SUMMARY

The main objective of this program is to characterize the chemistry and structure of new
advanced small diameter SiC type fibers and how these factors influence the nature of the
fiber/matrix interface in refractory glass-ceramic matrix composites. It is the nature of this interface
that then determines to a great degree the composite thermal, environmental, and mechanical
properties. The fibers under investigation during the first year of this program included the new
experimental polymer derived crystalline SiC fibers from Dow Coming Corp., as well as the new
commercially available low oxygen "Lox M" Tyranno SiC type fibers from Ube Industries. Since the
availability of the Dow Corning SiC fibers was limited, emphasis during the first year of this program
was placed on the mechanical, chemical, and microstructural characterization of the fibers through
tensile testing, SEM of fiber fracture characteristics, scanning Auger depth profiling of fiber
surfaces, and TEM of fiber thin sections, as well as their fracture behavior, bonding characteristics,
and interfacial compatibility with various glass-ceramic matrix materials.

The Lox M Tyranno fibers were incorporated into both lithium aluminosilicate (LAS) and the
more refractory barium magnesium aluminosilicate (BMAS) glass-ceramic matrices. The chemistry
and microstructure of the Tyranno fiber/matrix interfaces were studied by means of scanning
Auger and TEM, respectively, with the composite strength as a function of temperature being
evaluated and compared to previous data obtained for both NICALON fiber and earlier high
oxygen Tyranno fiber composites.

it was found that the mechanical properties of Lox M Tyranno fiber/glass-ceramic matrix
composites were much improved over similar composites fabricated with the older higher oxygen
Tyranno fibers. The tough fracture behavior of composites fabricated with the Lox M Tyranno
fibers was due to the formation of an ~500A thick carbon layer at the fiber/matrix interface during
composite fabrication. This carbon rich interfacial layer formation was essentially identical to that
formed in NICALON fiber/glass-ceramic matrix composites, except for the additional formation of
titanium rich crystalline particles within or near the carbon rich interfacial layer. The formation of
these particles is evidently due to a reaction between the small amount of titanium in the Tyranno
fibers with certain matrix and/or fiber constituents. The thermal and mechanical properties of both
UTRC-200 LAS and BMAS matrix composites were very similar for either Lox M Tyranno or
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NICALON fiber reinforcement. Overall, it appears that, while the Lox M Tyranno SiC type fiber
does not exhibit any distinct advantages over NICALON fiber (except possibly its somewhat
smaller diameter), it certainly can be considered to be as good as NICALON as a reinforcement for
glass-ceramic matrix composites and a candidate as a second source of fiber.

The Dow Corning crystalline SiC fibers appear to be in a very early stage of development. Of
the seven small lots of fiber evaluated at UTRC, all of them exhibited differences in chemistry to
one degree or another. Although they all could be considered to be relatively close to
stoichiometric SiC in overall chemistry, three of the fiber lots exhibited a surface region that
contained boron and nitrogen, while the others exhibited carbon rich surfaces to varying degrees.
Boron was found to be present in most of the fiber lots in small quantities (3-5 at%) and is
evidently utilized as a grain growth inhibitor. The grain size of the fibers, as determined from TEM
as well as SEM analysis, varied from an average of ~1500A for some fibers to a dual grain size
morphology that consisted of rather large grains (3000-4000A) near the fiber surface to medium
sized (1000-1500A) grains surrounded by an extremely fine grained (<100A) structure near the
center of the fibers. Electron diffraction analysis of the medium to large grains indicated that they
consist almost exclusively of B-SiC. The extremely fine grained structure is yet to be determined.
The tensile strength of most of the fiber lots was quite low, with many of the fractures occurring at
"kinks" in the fiber or from gross fiber flaws.

Small pseudo-composites were fabricated with two of the crystalline SiC fiber lots; one that
indicated from scanning Auger (SAM) analysis to have a carbon rich surface and one that
exhibited a surface rich in boron plus nitrogen. Both lithium aluminosilicate (LAS) and barium
magnesium aluminosilicate (BMAS) glass-ceramic matrices were utilized in these samples. From
these small pseudo-composites, indications of reaction and bonding at the fiber/matrix interface
and the chemistry and structure of the interfacial regions could be determined from subsequent
SEM analysis of fracture surfaces, SAM depth profiling of fractured fiber surfaces and matrix
troughs, and TEM replica and thin foil studies.

The resuits of the above analyses were not particularly definitive. The SEM analysis of
fracture surfaces indicated that debonding between the fibers and the matrix occurred for many of
the fiber/matrix combinations, indicative of relatively weak fiber/matrix bonding and thus potentially
tough composite behavior. However, within the same sample, examples of very strong bonding
between fiber and matrix could generally be found. SAM depth profiles of fiber/matrix interfacial
regions showed that a very thin (<200A) carbon rich layer formed at the fiber/matrix interface
during composite processing for some composites, thus leading to the observed fiber/matrix
debonding, but did not form in all cases. TEM thin foil analysis of the fiber/matrix interfacial regions
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did not delineate the formation of a distinct carbon interfacial layer, but indications were seen that
an extremely thin interfacial layer of some type may be present at some of the fiber/matrix
interfaces. High resolution TEM (HRTEM) will be necessary to characterize the exceedingly fine
structure observed.

It appears that the Dow Corning crystaliine SiC fibers may have potential as reinforcement for
advanced refractory glass-ceramic matrices. However, a number of questions remain to be
answered pertaining to the chemistry of the fibers, both overall and surface related, the strength
of the fibers and their thermal stability at elevated temperatures, the reproducibility and scale-up of
continuous fiber, and the reactivity and bonding characteristics of the fibers with refractory glass-
ceramic matrices. The next year of effort under this program will attempt to address these
questions.
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I. INTRODUCTION

During the past decade, the interest in ceramic matrix composites for high temperature
structural applications, especially for use in heat engines, has increased to the point that a large
number of industrial organizations as well as universities and government laboratories throughout
the world are actively performing research into a myriad of different systems and different
processing procedures for these materials. Among the types of ceramic matrix composites under
investigation are whisker reinforced glasses and glass-ceramics1 -4 as well as whisker reinforced
crystalline ceramicss'34. and continuous fiber reinforced ceramics produced by methods that
include hot-pressing of glasses and glass-ceramics35'5°, sol-gel infiltration and pyrolysis of
ceramics51. polymer precursor infiitration and pyrolysissz, reactive oxidation of meta1553, reactive
sinterin954, and chemical vapor infiltration (CVI) of silicon based ceramics®>-66

It has been found in all of the above-mentioned ceramic composites that in order to achieve
high strength and, in particular, high toughness, the bonding at the fiber/matrix interface must be
controlled such i.at bonding is strong enough to allow load transfer from the matrix to the fibers
under stress but weak enough so that an advancing matrix crack can be deflected by the fibers. In
addition, the nature of the fiber/matrix interface must include resistance to oxidation at elevated
temperature as well as resistance to other environmental effects.

For the past decade, research at United Technologies Research Center (UTRC) in the area of
ceramic matrix composites has centered on systems based on the reinforcement of glass and
glass-ceramic matrices with NICALON polymer derived SiC fibers. In the past few years, this
research has concentrated on the study of the fiber/matiix interface and the relationship of the
interfacial chemistry and morphology to the composite mechanical and thermal
propenies44-47'5°'57. The characterization of the interfaces in these composites has been
accomplished primarily by a combination of scanning electron microscope (SEM) observations of
composite fracture surfaces, transmission electron microscope (TEM) replica and thin foil analysis,
and scanning Auger microprobe (SAM) analysis of composite fracture surfaces. This work has
enabled a greater understanding to be reached of the reactions that occur and the phases formed
in these systems and has led to the successful development of strong, tough, and oxidatively
stable glass-ceramic matrix/Nicalon fiber composite systems for use to temperatures approaching
1000°C.
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Wihile the attainment of much higher use temperature glass-ceramic matrices than 1000°C has
been demonstrated at UTRC, the inherent formation of a carbon rich interfacial layer between the
Nicalon fibers and the glass-ceramic matrices during fabrication makes the oxidative stability of
these composites difficult to achieve in the temperature range of 1000-1300°C. In addition, the
high fabrication temperatures necessary to densify such glass-ceramic matrices as the barium-
magnesium aluminosilicates (BMAS) and the barium aluminosilicates (BAS) can lead to severe
fiber degradation for fibers such as NICALON and Ube's Tyranno. More recently developed fibers
such as Dow Corning's HPZ, and new experimental fibers such as Textron's "Black” Si-N-C fiber
and Dow Corning's crystalline SiC fiber may have the temperature capability to withstand the
higher processing temperatures. These new fibers may also require tailoring of the fiber/matrix
interfacial chemistry in order to prevent strong bonding or reaction at the fiber matrix interface.
Preliminary work in the area of interface tailoring has been initiated at UTRC utilizing Nicalon fibers,
primarily through the application of fiber coatings prior to composite fabrication®8. These coatings
must act as weakly bonded crack deflecting media and also be effective as diffusion barriers and
be resistant to oxidation.

The approach oftered in the current program is building upon the successfully incorporated
technology, as discussed above, and other efforts cutrently ongoing in the area of high
température (1100-1400°C) glass-ceramic matrix composite systems. The emphasis of the
program is concerned with the interfacial chemistry, bonding, and reactions that occur between
various new fibers under development and advanced glass-ceramic matrices, and the relationship
of the interface to the resultant composite thermal and mechanical properties. The fibers under
investigation include, but are not limited to, new experimental fibers from Dow Coming such as
their polymer derived crystalline SiC fiber, and, if available, Textron’s "Black” (Si-C-N-O) small
diameter fiber, as well as sintered SiC fibers under development at Carborundum and DuPont.
During the first year of the program, a small effort was also expended studying the new low
oxygen "Lox M" Tyranno SiC type fibers from Ube Industries, Ltd., Japan. The glass-ceramic
matrices utilized or scheduled to be utilized include LAS, BMAS, CAS, and BAS based
compositions.

This report discusses the results of research activities at UTRC during the first year (Feb. 1,
1990 - Feb. 1, 1991) of support under this program.
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Il. BACKGROUND

As discussed in the Introduction, UTRC has been active in the area of ceramic matrix
composites for over a decade. Most of this work has concentrated on glass and glass-ceramic
matrix composites reinforced with SiC, graphite, and oxide fibers. More recently, ceramic matrix
composites fabricated by other means such as CVI and polymer infiltration have come under
investigation. In the area of glass-ceramic matrix composites, NICALON fiber reinforced lithium
aluminosilicate (LAS) and bariunvmagnesium aluminosilicate (BMAS) matrices have been shown
to possess excellent strength in inert (argon) environment to 1300°C. Other glass-ceramic
matrices based on caicium and barium aluminosilicate (CAS and BAS) have the potential to yield
high strength composites to temperatures of 1400°C (2550°F) or higher. However, from results of
interfacial characterization of these composites, work that was partially supported under ONR
Contract N00014-82-C-009667, a carbon rich fiber/matrix interface is formed that acts as an
excellent matrix crack deflecting medium but that is oxidatively unstable at temperatures above
~500°C. The result is weak and brittle composite behavior in oxidizing environments compared to
strong and tough behavior in inert environments. Other fibers and whiskers, such as the oxide
based Nextel 440 from 3M or Fiber FP from DuPont, the high nitrogen content HPZ fiber being
developed at Dow Corning, and stoichiometric SiC whiskers from various suppliers, do not form
the carbon interfacial zone when incorporated into glass-ceramic matrices but instead bond very
strongly, and in some cases react with the matrices, resulting in weak and brittle composites50.

While UTRC has overcome to a large degree the oxidative instability of LAS matrix/NICALON
fiber composites by incorporating a lower melting glass forming addition that acts as a oxygen
diffusion barrier "plug” at the carbon rich interfacial zone67, this addition lowers the effective use
temperature of the composite to less than 1000°C (UTRC-100 and 200 matrices). In order to take
advantage of the inherent refractory nature of the aforementioned glass-ceramic matrices,
reinforcing fibers will have to be used that can withstand the higher processing temperatures
necessary for these matrices and yet also possess an oxidatively stable fiber/matrix interface.

Dow Corning Corp. is developing a family of SiC type small diameter fibers, partly under in-
house funding and partly under a new NASA-Lewis program (Contract NAS 3-25641), that may
very well have greater thermal stability than the currently available NICALON and Tyranno fibers.
As reported by Dow CorningS9, the 10um diameter stoichiometric SiC fibers exhibit tensile
strengths to 360 ksi (2500 MPa) and elastic moduli to 65 Msi (450 GPa), and retain up to 87% of
their tensile strength after 1800°C, 12 hr, argon exposure. The increased thermal stability is
reportedly due to the nature of the chemistry of these new fibers. Analysis of one of these fiber
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types in the scanning Auger at UTRC indicated that the fiber consisted only of Si and C, with no
oxygen present. It has been well documented that the inherent thermal instability of NICALON
fibers above 1200°C or so is a result of oxygen in the fiber combining with excess carbon forming
CO, which comes out of the fiber with a concurrent increase in SiC grain size, leading to severely
reduced fiber strength. It was thus decided, with Dow Corning's approval and assistance, to
evaluate these new SiC fibers in refractory glass-ceramic matrix composites, with the ultimate goal
being the development of a fiber reinforced glass-ceramic composite system capable of use
under stress at temperatures in excess of 1300°C. During the first year of the program, since the
availability of the Dow Corning SiC fibers was limited, emphasis was placed on the characterization
of the fibers themselves (UTS, SEM, scanning Auger, TEM), as well as their fracture behavior,
bonding characteristics, and interfacial compatibility with various glass-ceramic matrix materials.

Since during the first year of this program the availability of the Dow Corning SiC fibers was
rather limited, an attempt was made to procure other newly developed fibers to incorporate into
the program. Both DuPont and, in particular, Carborundum Cormp. have been investigating the
processing of SiC fibers by the sintering of extruded SiC fine powder/binder mixes. Requests to
evaluate small amounts of these fibers under this program were, unfortunately, denied. However,
a new SiC type fiber from Ube Industries, Lid. in Japan, known as Lox M Tyranno, was obtained in
continuous tow form and incorporated into the program. Previous studies under ONR Contract
N00014-86-C-064970.71 tilizing earlier type TRN-M401 Tyranno fiber resulted in very low
strength LAS matrix composites, when compared to NICALON fiber composite properties. The
reason for this was determined to be the very high oxygen content (~20 at%) of the fibers leading
to severe fiber degradation due to a large amount of matrix element (Al) diffusion into the fibers
and/or strong interfacial bonding during composite processing. Others’”2.73 have also found the
high oxygen Tyranno fiber to be less stable and more reactive than NICALON fiber. The newer
Lox M Tyranno fibers reportedly contained 10-12 at% oxygen, which is on the order of that for
ceramic grade NICALON fiber. It was thus decided to devote a relatively small effort during the first
year of the program towards the evaluation of the interfacial chemistry and morphology, as well as
composite properties, of the Lox M Tyranno fiber in both LAS and BMAS matrices.
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ll. TECHNICAL DISCUSSION

A. Materlals

The fibers utilized during the first year of the program consisted of low oxygen "Lox M"
Tyranno SiC fiber from Ube industries, Ltd., Ube City, Japan, and distributed in the US by Textron
Specialty Materials, Lowell, MA, as well as very small quantities of several ditferent lots of
crystaliine SiC fiber from Dow Corning Corp., Midland, Mi. As mentioned in the Background
section of this report, sintered SiC fiber from both DuPont and Carborundum was attempted to be
obtained for evaluation under this program, without success.

The Lox M Tyranno SiC fiber was obtained on continuous length (1000 m) spools of 400
filaments per tow. The average fiber diameter and RT tensile strength as measured at UTRC was
8.9 um and 368 ksi (2530 MPa), respectively. The Dow Coming crystalline SiC fiber was obtained
in short lengths (~8 cm) equivalent to either one tow or several tows formed into a mat. Additional
characterization data on these fibers will be given in a later section of this report.

The glass-ceramic matrix materials used during the first year of this program consisted of two
lithium aluminosilicate (LAS) matrices, with and without a small amount (3.4 wt%) of boron oxide
additive (LAS-A and LAS-C in Ref. 67), and a barium-magnesium aluminosilicate (BMAS) matrix.
Both of the LAS matrices, when heat-treated or "ceramed” at 900°C for 24 hrs, crystallized to the
B-quartz/silica solid solution phase, while the BMAS matrix, when ceramed at 1200°C for 24 hrs,
crystallized to the barium osumilite phase. All of the matrix materials were received as glassy
powder of 5-15 um average particle size.

B. Fiber Characterization
1. Lox M Tyranno Fiber

About the only characterization conducted on the Lox M Tyranno fiber itself, other than the
RT UTS data previously discussed, was a scanning Auger (SAM) depth profile of a flame desized
fiber surface to a depth of 4000A. This analysis is shown in Fig. 1, and indicates that, other than
the expected oxygen rich surface, the fiber composition is ~50 at% C, 38% Si, 10% O, and 2% Ti.
Except for the Ti, this composition is very similar to previously reported50 SAM depth profile data
for NICALON fiber. ltis, however, different from earlier data obtained on Tyranno fiber (Type TRN-
M401 )70 in that the oxygen content is considerably less for the Lox M fiber (10% vs 17-20%).
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2. Dow Corning Crystalline SIC Fibers

During the first year of the program, seven different lots of Dow Comning crystalline SiC fibers
were received at UTRC. Three of these lots consisted essentially of single tows of fiber about 6
cm long. The other four lots, three of which came directly from Dow Corning and one of which was
sent to UTRC by Ms. Janet Hurst of NASA-Lewis, consisted of mats of fiber of dimensions ~8-9
cm in length by 4-7 cm in width, with ~1 gm of fiber in each mat. Figure 2 shows these mats of fiber
and their lot numbers. From this figure, it can be seen that lot 53C1 tended to be rather gold in
color, as did lot 41C to a somewhat lesser extent, while lots 50C and 57C1 ranged in color from
brown to black. One of the single tow lots (9217-27A) was a bright blue in color. All of these fiber
lots were pyrolyzed at 1800°C utilizing a polycarbosilane polymer prcursor69.

The scanning Auger depth profiles into the fiber surfaces to a depth of 4000-6000A are
shown in Figs. 3-10 for these lots of fibers. Figure 3 indicates that the composition of the first tow
of fibers received from Dow Corning (lot #8309-139C) was quite close to stoichiometric SiC
except that the near surface region (0-500A) was very carbon rich, with the actual fiber surface
being essentially pure carbon. Starting at a depth into the fiber of ~300A, a small amount of boron
was detected that, by a depth of 4000A into the tiber, leveled off at ~5 at%. The average RT
tensile strength of this lot of fibers was measured at UTRC (20 fibers) and found to be 253 + 82 ksi
(1740 + 565 MPa), with an average fiber diameter of 8.6 um. All of the fiber lots received from Dow
Corning exhibited average diameters of from 8.6 to 8.9 um.

Figure 4 indicates that the second lot of fibers received (#9217-21DM) also was close to
stoichiometric SiC with a carbon rich surface, although the surface was not as carbon rich as the
previous lot of fiber. No boron was detected in this lot of fiber, except for a trace amount on the
very surface of the fiber. The RT UTS of this fiber lot averaged 194 + 93 ksi (1340 + 640 MPa),
with four of the fibers breaking at very low strengths at what appeared to be “kinks" in the fibers.

The blue colored tow of fibers (#9217-27A) was expected to have an oxygen rich surface,
since oxidized NICALON fibers have often exhibited a blue appearance. However, as can be
seen in Fig. 5, these fibers had a very distinct carbon rich surface layer of ~2000A in thickness that
also contained small amounts of boron and nitrogen. The bulk composition of the fiber was right
on stoichiometric SiC with a trace of oxygen. This distinct surface layer can be seen in the SEM
photo of a fractured fiber end in Fig. 5 that also shows a lenticular void in the center of the fiber.
As will be shown later, this type of void or fiber splitting is quite prevalent in all of the crystalline SiC
fiber lots from Dow Corning. Due to the very short lengths of this particular tow of fibers, no tensile
tests were done.
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Figures 6 and 7 show the scanning Auger depth profiles obtained on the gold colored lots of
fiber mat (#9217-41C and 53C1), while Fig. 8 gives the SAM depth profile found for the brownish
colored fibers from lot 9217-50C. The compositions of all of these fiber lots are quite similar, with
the near-surface regions (0-500A) exhibiting quite high amounts of both boron and nitrogen. At a
depth of ~3000A into the fiber, both lots 50C and 53C1 became slightly carbon rich, while lot 41C
remained very close to stoichiometric SiC. No boron was detected in the bulk of any of these
fibers.

The last lot of Dow Corning SiC fibers that was received from NASA-Lewis (#9217-57C1)
ranged in color from brown to black. Scanning Auger depth profiles were obtained on a typical
brown fiber {Fig. 9) and a typical black fiber (Fig. 10). The brown fiber showed very trace amounts
of boron and nitrogen on the very surface, along with very small amounts of oxygen to a depth of
1000A, with 4-5% boron beginning to appear at a depth of 4000A. The surface of this fiber was
also somewhat carbon rich. In contrast, the black fiber from this lot was very stoichiometric SiC with
a quite carbon rich surface with a trace of N and B, but no boron was detected in the bulk of the
fiber.

A "kink" in one of the brown colored fibers can be seen in Fig. 9. If fibers with these types of
kinks were tensile tested, very low values of UTS were obtained, undoubtedly due to the stress
concentrations that occur when straightening a curved fiber that has a very high elastic modulus,
as these fibers do. The data sheet obtained from NASA-Lewis with the lot #9217-57C1 fibers
indicated that this fiber lot exhibited an average UTS of 348 + 48 ksi (2400 £ 330 MPa). However,
tensile tests done at UTRC indicated that the average UTS of 20 of these fibers was 121 + 75 ksi
(1250 + 520 MPa), which is approximately half that measured by Dow Corning. Analysis of the
UTS data obtained at UTRC indicated that the lower strength fibers were either kinked or they
contained flaws, either internal as shown for the lower fiber in Fig. 11 for lot #3217-50C fibers, or
external as shown in Fig. 12 for a fiber from lot #9217-53C1 that fractured at 58 ksi (404 MPa). In
fact, tensile tests done at UTRC on the other fiber lots (9217-41C, 50C, and 53C1) all gave
average UTS values of ~85 ksi (585 MPa) with a rather large spread. The low strength fibers [~45
ksi (310 MPa)] invariably fractured at either kinks or intemnal flaws, while the higher strength fibers
[~200 ksi (1380 MPa)] appeared to fracture at surtace flaws. A higher strength fiber from lot 9217-
41C is shown in Fig. 13. ltis difficult to discern the actual fracture origin for this fiber, however, the
granular nature of the fracture surface attests to the crystalline morphology of the fiber.

Fracture surfaces for lot 9217-57C1 fibers are shown in Figs. 14 and 15. In Figs. 14A and B,
the morphology of this particular fiber can be seen to consist of rather large grains (up to 5000A)
near the surface of the fiber with a much finer grained structure in the center region of the fiber.
This dual nature of the microstructure of these fibers will be shown in more detail in a later section
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of this report that will describe TEM thin foil characterization of lot 9217-57C1 fibers in an LAS
matrix. Note that the fiber in Fig. 14C is split from edge to center and that along the split in the
fiber the grain size appears to be uniformly large, even towards the center of the fiber. The origin
of the dual grain size nature of this fiber lot is unknown at this time.

Figure 15 shows the SEM of a fractured lot 9217-57C1 fiber at the fiber surface/fracture
surface intersection. A pattern of what appear 1o be either cracks or grain boundaries are quite
visible on both the fiber and fracture surface in the higher magnification photo. At less than
1000A in size, they would appear to be cracks rather than grain boundaries. Additional SEM
characterization of these fibers close to and away from the fracture surface will be necessary to
positively identify the origin of these features.

In an attempt to characterize the grain size of the Dow Coming SiC fibers, one of the early fiber
lots (#8309-139C) was fractured and segments of the fractured fibers examined in the TEM. As
shown in Fig. 16, the grain size of this particufar fiber lot in the region that fractured thin enough to
be analyzed in the TEM was on the order of 1000-2000A. From selected area electron diffraction
analysis, the great majority of grains were B-SiC, with a few possibly being a-SiC. While this
technique allows the grain size and structure of the fibers to be determined, it is difficult to assess
exactly what region of the fiber is being analyzed. Thus, if a fiber lot such as #9217-57C1, with its
dual grain size nature, were characterized in the TEM by this method, a misleading result could be
obtained concerning the grain size and distribution. As will be shown in a later section of this
report, TEM thin foil characterization of the fibers in a glass or glass-ceramic matrix, assuming the
fiber and matrix do not react significantly during matrix consolidation, is a much preferred method
for characterization of fiber microstructures.

C. Glass-Ceramic Matrix Composite Characterization
1. Lox M Tyranno Fiber/Glass-Ceramic Matrix Composites
a. Composite Fabrication
Three glass-ceramic matrix composites were fabricated utilizing the Lox M Tyranno fibers.
Two of the composites (a 0° and a 0/90° fiber layup) used the UTRC-200 boron doped LAS matrix,
as described in detail as the LAS-C matrix in Ref. 67, while the third composite (0/90°) utilized a
higher temperature barium magnesium aluminosilicate (BMAS) matrix. The composite panels (10

x 10 cm, 16 layers) were fabricated at maximum temperatures of 1300-1450°C, utilizing the usual
tape layup procedures described previously46. After fabrication, those composite samples to be

11




R91-918246-2

tested or characterized in the matrix crystallized or "ceramed™ condition were subjected to a
further heat treatment at temperatures from 900-1200°C in order to crystallize the matrix to either
the B-quartz/silica solid solution LAS phase or the barium osumilite BMAS phase.

The micros:-ucture of the 0/90° UTRC-200 LAS matrix’/Lox M Tyranno SiC fiber composite
#49-90 is shown in Fig. 17. This micrograph indicates that complete consolidation of the LAS
matrix around the fibers occurred during composite fabrication, with some evidence of pullout of
the 90° fibers during composite polishing, indicative of weak bonding between fibers and matrix.
The volume fraction fibets in this composite was ~40%. A NICALON SiC fiber composite
microstructure would appear essentially identical to this.

b. Composite Testing

Composite #49-90 was machined into flexural test specimens of dimensions 5 mm wide x 3
mm thick x 10 cm in length and subjected to 3-pt flexural testing in the ceramed condition from RT
to 1100°C. A typical RT fracture surface of this composite is shown in Fig. 18. From this figure, it
can be seen that the mode of fracture of this composite was very tough and fibrous, indicative of
high retained fiber strength and a weak fiber/matrix interfacial bond. The flexural strength of this
composite vs temperature in air is shown in Fig. 19, along with previously generated composite
data on older Tyranno SiC fiber. From this figure, it can be seen that the Lox M Tyranno fiber
resuits in composites with much improved properties over the older Tyranno fiber. The reduction
in composite strength above 900°C is due to the residual glassy phase in the UTRC-200 LAS
matrix becoming somewhat soft. This type of behavior and comparable composite strengths are
observed for NICALON fiber/UTRC-200 LAS matrix composites, as well.

The 0° fiber orientation Lox M Tyranno/UTRC-200 LAS matrix composite (#200-90) was
utilized primarily for TEM studies as well as composite tensile test measurements. The RT flexural
strength of the unidirectional Tyranno fiber composite in the ceramed condition was measured as
110 ksi {760 MPa), with the RT tensile strength being 70 ksi (483 MPa). These values are
comparable to similar tests done on NICALON fiber/UTRC-200 LAS matrix composites.

The BMAS matrix/Lox M Tyranno fiber composite (0/90°) fabricated under this program (#371-
90) was also machined into fiexural specimens and tested as a function of temperature to 1300°C
and after exposure to flowing oxygen from 550° to 900°C, and compared fo both UTRC-200 LAS
matrix/Lox M Tyranno fiber composite data and previously obtained data for NICALON fiber/BMAS
matrix composites. Table | compares the flexural strength of the Lox M Tyranno fiber/BMAS and
UTRC-200 LAS matrix composites, while Table If compares BMAS matrix composite data for both
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Lox M Tyranno and NICALON fibers. From Table I, it can be seen that the RT strengths of the
UTRC-200 and BMAS matrix composites are quite similar, except after the flowing oxygen
exposure at 550°, 700°, and 800°C. The degradation in strength for the BMAS matrix composite
is comparable to that seen for non-boron containing LAS matrix/NICALON fiber composites57,
and is due to the oxidation of the carbon rich fiber/matrix interfacial phase which, as shall be shown
from scanning Auger and TEM studies in the next section of this report, exists in the Tyranno fiber
composites, as well. Although the absolute strength values for the BMAS matrix composite
tested in air at elevated temperatures from 900° and 1000°C are not as high as the UTRC-200
matrix composite values, due to the same oxidative instability problems of the carbon rich
fiber/matrix interface, the strength and elastic modulus remain quite high to 1200°C. This
indicates that the BMAS matrix/Lox M Tyranno fiber composite system has potential application to
1200°C, if the oxidative instability problems associated with the carbon rich interface can be
alleviated.

From Table Il, it can be seen that the BMAS matrix composite strength values utilizing either
Lox M Tyranno fiber or NICALON fiber are very similar, both as a function of temperature and after
oxidative exposure. It thus appears that, while the Lox M Tyranno fiber does not exhibit any
distinct advantages over the NICALON SiC type fiber (except possibly its somewhat smaller
diameter), it certainly can be considered to be as good as NICALON as a reinforcement for glass-
ceramic matrix composites and a candidate as a second source if the situation warrants.

c. Composite Microchemical and Microstructural Analysis

A sample of the UTRC-200 LAS matrix/Lox M Tyranno fiber composite #49-90 was fractured
along the fiber direction in one of the 90° layers of the 0/90° composite, and an exposed fiber
surface and a matrix trough from which a fiber had been extracted during fracture were depth
profiled in the scanning Auger multiprobe (SAM). This technique has been utilized extensively in
the past to analyze the interface in NICALON67 and high oxygen Tyranno’9 fiber/glass-ceramic
matrix composites. The results of this analysis are shown in Fig. 20, and are very similar to that
found for NICALON fibers in UTRC-200 LAS matrices except for the small amount of Ti in the fiber
and the larger amount (~5 at %) of Ti in the matrix near the fiber/matrix interface. This analysis is
also very similar to that found on another ONR contract’0 for the high oxygen Tyranno fibers in an
LAS-I matrix, except for the higher oxygen content of the earlier fibers, the greater amount of Al
diffusion from the matrix into the fibers, and the absence of boron in the LAS-! matrix.

The carbon layer formation at the fiber/matrix interface is also very similar in thickness and
composition to that found previously for NICALON fiber/UTRC-200 LAS matrix composites57.
This weak layer accounts for the toughness of these composites due to its ability to defiect matrix
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cracks, with subsequent fiber pullout from the matrix accounting for a large part of the toughening
due to the presence of these fibers. The formation of this carbon interfacial layer is due to the
carbon-condensed oxidation displacement reaction of the Tyranno or NICALON fiber with free
oxygen during composite processing:

(1) SIiC + Op = Si02 +C

as described in detail by Cooper, et al49:74. As stated previously, while this carbon interfacial
layer accounts for the high toughness of these composites, it also is responsible for the oxidative
instability and strength degradation of non-boron doped composites, as was shown in Tables |
and Il

TEM thin foil analysis was also conducted on the 0° UTRC-200 LAS matrix’Lox M Tyranno
fiber composite #200-90. Figure 21 shows a thinned section of a Lox M Tyranno fiber from a
region away from the fiber/matrix interface. Electron diffraction of this fiber shows a somewhat
diffuse ring pattern corresponding to B-SiC (similar to NICALON) with a superimposed pattern for
TiC. The fiber microstructure shown appears to consist of extremely fine grained B-SiC (<40A)
with.dispersed TiC crystaliites of up to 200A in size. Since TEM studies were not done on as-
received Lox M Tyranno fibers, this microstructure could have evolved during composite
processing. However, since the fibers only experienced a maximum temperature of 1350°C for
less than 30 min, it is more likely that this microstructure is fairly representative of as-received
fibers.

In Fig. 22, the fiber/matrix interfacial region is shown from the TEM thin foil analysis of
composite #200-90. The EDX analyses shown in this figure are from the carbon rich interface (A),
and two crystalline precipitates; one (B) in the carbon rich layer and the other (C) at the LAS
matrix/carbon rich layer interface. Both of the precipitates contain a large amount of titanium, with
one (C) also containing a large amount of zirconium, which is added to the LAS composition as a
ZrO5 nucleating aide. An electron diffraction pattern was obtained from precipitate C, but could
not be identified. Figure 23 shows a higher magnification TEM micrograph of the interfacial region
of composite #200-90. A row of very fine precipitates can be seen at the carbon layer/LAS matrix
interface. These precipitates were too fine to be analyzed by themselves, but from EDX analysis
of point A, there was an indication of slightly enhanced aluminum content over that of the matrix
itself.
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2. Dow Corning Crystalline SIC Fiber/Glass-Ceramic Matrix Compatibility
Studies

Since a sufficient quantity of the Dow Corning SiC fibers were not available to make actual
glass-ceramic matrix composites for thermal and mechanical property studies, examples of the
black colored fibers (#9217-57C1) that exhibited a somewhat carbon rich surface from Auger
studies (Fig. 10) and the gold colored fibers (#9217-41C) that exhibited a surface containing a
significant amount of boron and nitrogen (Fig. 6) were hot-pressed into both LAS (non-boron
doped) and BMAS glass-ceramic matrices for fiber/matrix compatibility studies. The hot-pressing
parameters were those utilized previously for Lox M Tyranno fiber/LAS and BMAS matrix
composites, except the panel size was much smaller (3.7 x 7.6 cm).

a. Fracture Characteristics of Dow Corning SIC Fiber Composites

Figures 24-27 show typical examples of the fracture characteristics of these pseudo-
composites. From these figures, it can be seen that in all cases there exists a considerable
amount of fiber/matrix debonding, but very little in the way of fiber pullout similar to that shown in
Fig. 18 for the Lox M Tyranno fibers in an LAS matrix. However, as can be seen in Figs. 258 and
26B,; and, to a lesser extent in Fig. 27A, there also exist regions in these composites that did not
exhibit fiber/matrix debonding to any great extent, which is indicative of a rather strongly bonded
fiber/matrix interface. No apparent correlation exists between fiber/matrix debonding and the
particular fiber or matrix utilized.

b. Microchemical and Microstructural Analysis

Samples of each of the Dow Corning SiC fiber/LAS and BMAS matrix pseudo-composites
were fractured parallel to the fiber direction so that an exposed fiber surface and matrix trough
could be subjected to scanning Auger depth profiling, similar to that previously discussed for the
Lox M Tyranno fiber composite. Figures 28-31 show the results of these SAM depth profiling
studies for the four fiber/matrix combinations. From these analyses, it can be seen that in three of
the four samples, a carbon rich interfacial layer has formed between fiber and matrix, similar to but
considerably thinner than that found previously for the Lox M Tyranno fiber/LAS matrix composite
{Fig. 20). in all of the samples, matrix elemental (Al, Ba, O) diffusion into the SiC fibers was
observed, which is also similar to that observed for either NICALON or Tyranno SiC fibers in these
matrices. The increase in oxygen content observed on the fiber side of the carbon rich layer (and
in some cases on the matrix side as well) may be a result of the SiO2 formed during the carbon-
condensed oxidation reaction of the SiC fiber according to equation (1), and is observed for
LASS7 and CAS74 matrix composites with NICALON fibers.
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No trace of the nitrogen or boron that was in the surface region of SiC fiber lot #9217-41C
could be found in either the LAS (Fig. 29) or BMAS (Fig. 30) matrix composites, although boron
was found in all of the fibers analyzed at sputter depths of 3000-4000A or greater, even though it
was not always found in the SAM depth profiles of as-received fibers. The surface B and N in
these fibers probably diffused out into the matrix during composite fabrication. The only sample
that did not exhibit a true carbon rich interfacial layer was the BMAS matrix/SiC lot #9217-57C1
fiber composite #462-90 shown in Fig. 31. The exact fiber and matrix trough analyzed are shown
in this figure prior to sputtering as A and B, respectively, and while the matrix trough appears to
have been debonded quite easily from the fiber that formed it, the fiber (A) appears o still have
quite a bit of well-bonded matrix phase adhered to it. From the SAM depth profiles of the fiber and
matrix trough shown in this figure, it appears that while the fiber surface was oxygen rich with no
carbon enhancement, the matrix trough surface was relatively high in carbon. It is speculated that
while fiber (A) did not form the carbon rich layer during the short (3 min) time at the maximum hot-
pressing temperature of 1430°C, the fiber that was adjacent to the matrix trough (B) did form the
carbon interfacial reaction product. These differences in interfacial chemistry within the same
composite, indeed between two adjacent fibers, may account for the different fracture
characteristics observed within the same composite, as was shown in Figs. 25, 26, and 27.

The reason that the carbon interfacial layer forms around some fibers but may not form around
others may relate to the particular stoichiometry of the SiC fiber surface. As discussed in Ref. 74,
the carbon making up the interface may come from two sources, the oxidation of the SiC fiber plus
the condensed carbon originally in the fiber. Off stoichiometric (C-rich) SiC fibers such as
NICALON and Tyranno and some SiC whiskers from Tokai Carbon Co., American Matrix, and
Advanced Composite Materials Co. (formerly ARCO Chemicai Co.), form a distinct carbon rich
interface when incorporated into glass-ceramic matrices57.68. However, stoichiometric SiC
whiskers from Los Alamos National Laboratory have been found from studies at UTRC68 not to
form a distinct carbon rich interface during glass-ceramic matrix composite processing and, being
well-bonded to the matrix, do not contribute to significant crack deflection and toughening. It is
proposed that, while some of the crystalline SiC fibers from Dow Corning do exhibit a carbon rich
surface and thus do form a distinct carbon interfacial layer during composite hot-pressing, other
fibers may indeed retain their stoichiometric SiC composition on the very surface of the fiber, and
thus may not form a carbon interfacial layer in the glass-ceramic matrices. Those that do not form
the carbon interface are well bonded to the matrix and do not significantly improve the toughness
of the composite or act as matrix crack deflectors.

TEM replica analysis of polished cross-sections and TEM thin foil analysis is being done on
the four LAS and BMAS matrix composite samples previously discussed. While this study has not
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been completed, examples of the type of microstructures in these composites can be given.
Figures 32 and 33 show optical and TEM replica micrographs of composites #1-91 and #462-90,
which contain SiC fibers from lot #3217-41C in an LAS matrix, and lot #3217-57C1 fibers in a
BMAS matrix, respectively. It can be seen from the lower magnification optical photos that not
enough fibers were incorporated into these samples to form true composites, but the fiber, matrix,
and fiber/matrix interfacial structure and/or reactivity can be assessed. It can be seen that a
significant number of the fibers are split, as was first observed in the as-received fiber SEM
analysis, with more split fibers but with smaller sized splits being observed for the lot #9217-57C1
fibers compared to the #9217-41C fibers. The as-pressed matrix in both composites is primarily
glassy, with some mullite crystals being formed as well as fine precipitates of the barium osumilite
phase in the BMAS composite.

Figure 34 shows a TEM replica of two different lot #9217-57C1 SiC fibers in an LAS matrix
(composite #414-90), one that is split and one that is not. The split fiber shows a more uniform
microstructure than the unsplit fiber, which gives the indication that the interior of the fiber is
different than the exterior region. This was previously shown from SEM analysis of fractured fiber
ends to relate to the dual grain size nature of this particular lot of fibers. Unfortunately, polishing of
these composites was very difficult, due to a combination of the large spacing between fibers and
the marked difference in hardness between the fibers and the matrix. Thus, the true
microstructure of the fibers and, in particular, the fiber/matrix interface cannot be clearly discerned.

TEM thin foil analysis of these composite samples was quite successful, however, in distinctly
showing the fiber and fiber/matrix interfacial structure. While this work is still in progress, Figs 35-
37 show examples of the fiber/matrix interface and the fiber microstructure itself in two of the LAS
matrix composites with lots #9217-41C and 57C1 SiC fibers. In Fig. 35, the fiber/matrix interfacial
region is shown for composite #1-91 with lot #9217-41C SiC fibers. Auger analysis of this
composite (Fig. 29) showed that a very thin carbon rich layer existed at the fiber/matrix interface,
but, as was shown in Fig 25, not all of the fibers debonded from the matrix, indicating that carbon
interfacial layer formation may not have been universal in this system. In the TEM thin foil analysis
shown in Fig. 35, there may be an extremely thin interfacial layer of some son, as can be rather
indistinctly seen on the right hand side of Fig. 35, but it is too thin to characterize, other than by
high resolution TEM (HRTEM). It is certainly exceedingly thin, unlike that formed in LAS
matrix/NICALON or Tyranno fiber composites, as was shown in Fig. 22. One interesting aspect of
the SiC fiber microstructure shown in Fig. 35, is that a layer of rather large (3000-4000A) SiC
crystals appears to exist on the surface of the fiber, with the underlying fiber structure consisting
of a mixture of medium to very small SiC grains. It also appears that some porosity may exist in the
fiber region just under the large grained surface layer.
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Figure 36 shows the microstructure of the lot #9217-57C1 fibers, incorporated in an LAS
matrix. These fibers showed a distinct dual grain size (Fig. 14), with larger grains in the outer third
of the fibers and small grains in the central region of the fibers. In Fig. 36, the grains near the fiber
edge can be seen to be quite large (~3000-4000A), with the grain size becoming much smaller
towards the center of the fiber. In the central region of this fiber, the microstructure appears to
consist of medium sized grains (~1000-1500A) surrounded by an extremely fine grained
structure. This fine grained structure appears to consist of very small SiC grains, that may have a
small amount of chiorine present in or around them, as shown in Fig. 37. The Mo in the EDX
pattern comes from the Mo holder for the thin foil. The determination of the exact nature of this
fine grained structure, in which the features appear to be on the order of 100A or less, will require
additional analysis. Electron energy loss spectroscopy (EELS) is scheduled to be done as part of
the additional analysis.
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IV. CONCLUSIONS AND RECOMMENDATIONS

From the results of the first year's work on this program, certain conclusions and
recommendations can be made. Pertaining to the new polymer derived low oxygen "Lox M~
Tyranno SiC type fibers from Ube Industries, Lid., it was found that the mechanical properties of
glass-ceramic matrix composites were much improved over similar composites fabricated with the
older higher oxygen Tyranno fibers. The tough fracture behavior of composites fabricated with
the Lox M Tyranno fibers was due to the formation of an ~500A thick carbon layer at the
fiber/matrix interface during composite tabrication. This carbon rich interfacial layer formation was
essentially identical to that formed in NICALON fiber/glass-ceramic matrix composites, except for
the additional formation of titanium rich crystalline particies within or near the carbon rich interfacial
layer. The formation of these particles is evidently due to a reaction between the small amount of
titanium in the Tyranno fibers with certain matrix and/or fiber constituents. The thermal and
mechanical properties of both UTRC-200 LAS and BMAS matrix composites are very similar for
either Lox M Tyranno or NICALON fiber reinforcement. Overall, it appears that, while the Lox M
Tyranno SiC type fiber does not exhibit any distinct advantages over NICALON fiber (except
possibly its somewhat smaller diameter), it certainly can be considered to be as good as NICALON
as a reinforcement for glass-ceramic matrix composites and a candidate as a second source of
fiber.

The Dow Corning crystalline SiC fibers appear to be in a very early stage of development. Of
the seven small lots of fiber evaluated at UTRC, all of them exhibited differences in chemistry to
one degree or another. Although they all could be considered to be relatively close to
stoichiometric SiC in overall chemistry, three of the fiber lots exhibited a surface region that
contained boron and nitrogen, while the others exhibited carbon rich surfaces to varying degrees.
Boron was found to be present in most of the fiber lots in small quantities (3-5 at%) and is
evidently utilized as a grain growth inhibitor. The grain size of the fibers, as determined from TEM
as well as SEM analysis, varied from an average of ~1500A for some fibers to a dual grain size
morphology that consisted of rather large grains (3000-4000A) near the fiber surface to medium
sized (1000-1500A) grains surrounded by an extremely fine grained (<100A) structure near the
center of the fibers. Electron diffraction analysis of the medium fo large grains indicated that they
consist almost exclusively of B-SiC. The extremely fine grained structure is yet to be determined.
The tensile strength of most of the fiber lots was quite low, with many of the fractures occurring at
"kinks" in the fiber or from gross fiber flaws.

19




R91-918246-2

Small pseudo-composites were fabricated with two of the crystalline SiC fiber lots; one that
indicated from scanning Auger (SAM) analysis to have a carbon rich surface and one that
exhibited a surface rich in boron plus nitrogen. Both lithium aluminosilicate (LAS) and barium
magnesium aluminosilicate (BMAS) glass-ceramic matrices were utilized in these samples. From
these small pseudo-composites, indications of reaction and bonding at the fiber/matrix intertace
and the chemistry and structure of the interfacial regions could be determined from subsequent
SEM analysis of fracture surfaces, SAM depth profiling of fractured fiber surfaces and matrix
troughs, and TEM replica and thin foil studies.

The results of the above analyses were not particularly definitive. The SEM analysis of
fracture surfaces indicated that debonding between the fibers and the matrix occurred for many of
the fiber/matrix combinations, indicative of relatively weak fiber/matrix bonding and thus potentially
tough composite behavior. However, within the same sample, examples of very strong bonding
between fiber and matrix could generally be found. SAM depth profiles of fiber/matrix interfacial
regions showed that a very thin (<200A) carbon rich layer formed at the fiber/matrix interface
during composite processing for some composites, thus leading to the observed fiber/matrix
debonding, but did not form in all cases. TEM thin foil analysis of the fiber/matrix interfacial regions
did not delineate the formation of a distinct carbon interfacial layer, but indications were seen that
an extremely thin interfacial layer of some type may be present at some of the fiber/matrix
interfaces. High resolution TEM (HRTEM) will be necessary to characterize the exceedingly fine
structure observed.

It appears that the Dow Corning crystalline SiC fibers may have potential as reinforcement for
advanced refractory glass-ceramic matrices. However, a number of questions remain to be
answered pertaining to the chemistry of the fibers, both overall and surface related, the strength
of the fibers and their thermal stability at elevated temperatures, the reproducibility and scale-up of
continuous fiber, and the reactivity and bonding characteristics of the fibers with refractory glass-
ceramic matrices. In either of the situations where the bonding of the fibers to the matrices is too
strong, or where a carbon rich layer is formed at the fiber/matrix interface that subsequently
degrades due to oxidative instability at elevated temperatures, a fiber coating may be necessary in
order to obtain a weakly bonded yet oxidatively stable interface. The next year of effort under this
program will attempt to address these questions.

20




R91-918246-2

V. ACKNOWLEDGMENTS

The author would like to thank Mr. James Rabe and Mr. Rick Jones of Dow Coming Corp. and
Ms. Janet Hurst of NASA, Lewis, for their assistance in obtaining the Dow Corning crystalline SiC
fibers for use on this program, Dr. Bruce Laube and Mr. Dan Delong of UTRC for the SAM
analyses, Mr. Gerald McCarthy of UTRC for the TEM analyses, Mr. Bernarr Jacob and Ms. Laura
Austin for the fabrication of the composites, and to Dr. Steve Fishman of ONR for his sponsorship
of the program.

21




R91-918246-2

10.

11.

REFERENCES

Gadkaree, K.P, and Chyung, K: Silicon-Carbide-Whisker-Reinforced Glass and Glass-Ceramic
Composites, Am. Cer. Soc. Bull. 65 [2] (1986) 370-376.

Gac, F.D., Petrovic, J.J., Milewski, J.V., and Shalek, P.D.: Performance of Commercial and
Research Grade SiC Whiskers in a Borosilicate Glass Matrix, Cer. Engr. and Sci. Proc., Vol 7, No.
7-8, 1986, 978-982.

Layden, G.K. and Prewo, K.M.: Development of Broadband Radome Materials, Final Report
AFWAL-TR-82-4100 on Contract F33615-81-C-5045, July 1982.

Layden, G.K. and Prewo, K.M.: Study of SiC Whisker Reinforced Glass and Glass-Ceramic
Matrix Composites, Final Report R85-916943-1 on ONR Contract N0O0014-84-C-0386, June
30, 1985.

Becher, P.F. and Wei, G.C.: Toughening Behavior in SiC Whisker Reinforced Alumina, Comm.
Am. Cer. Soc. (Dec. 1984) C-267-269.

Wei, G.C. and Becher, P.F.: Development of SiC Whisker Reinforced Ceramics, Am. Cer. Soc.

Bull, 64 (1985) 289-304.

Tiegs, T.N. and Becher, P.F.: Whisker Reinforced Ceramic Composites, Proceedings of
“Tailoring Multiphase and Composite Ceramics", 21st. Univ. Conf. on Ceramic Science, Penn
St. Univ. (July 1985) Plenum Press, NY (1986) 639-647.

Samanta, S.C. and Musikant, S.: SiC Whiskers-Reinforced Ceramic Matrix Composites, Cer.
Engr. and Sci. Proc. (July-Aug 1985) 663-672.

Claussen, N. and Petzow, G.: Whisker Reinforced Zirconia Toughened Ceramics, Proceedings
of “Tailoring Multiphase and Composite Ceramics”, 21st. Univ. Conf. on Ceramic Science, Penn
St. Univ. (July 1985) Plenum Press, NY (1986) 649-662.

Hermes. E.E. and Mazdiyasni, K.S.: SiC Whisker Reinforced MgAl2O4 Spinel, Proc. of
NASA/DOD Conf. on Metal, Carbon, and Cer. Matrix Comp., Cocoa Beach, FL {Jan. 1986)
NASA Conf. Publication 2445, 143-155.

Shalek, P.D., Petrovic, J.J., Hurley, G.F. and Gac, F.D.: Hot-Pressed SiC Whisker/SizN4 Matrix
Composites, Am. Cer. Soc. Bull. Vol. 65, No. 2 (Feb. 1986) 351-356.

22




R91-918246-2

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Lundberg, R., Kahlman, L., Pompe, R., Carlsson, R. and Warren, R.: SiC Whisker-Reinforced
SigN4 Composites, Am. Cer. Soc. Bull. {66] 2 (1987) 330-333.

Tiegs, T.N. and Becher, P.F.: Sintered Al203-SiC Whisker Composites, ibid, 339-343.

Porter, J.R., Lange, F.F. and Chokshi, A.H.: Processing and Creep Performance of SiC
Whisker Reinforced Al203, ibid, 343-347.

Homeny, J., Vaughn, W.L. and Ferber, M.K.: Processing and Mechanical Properties of SiC-
Whisker-Al203 -Matrix Composites, ibid, 333-339.

Buljan, S.T., Baldoni, J.G. and Huckabee, M.L.: Si3N4-SiC Composites, ibid, 347-353.

Homeny, J. and Vaughn, W.L.: Whisker-Reinforced Ceramic Matrix Composites, MRS Bull.
(Oct-Nov 1987) 66-71.

Buljan, S.T. and Sarin, V.K.: Silicon Nitride-Based Composites, Composites, Vol. 18, No. 2 (Apr

1987) 99-106.

Kandori, T., Kobayashi, S., Wada, S. and Kamigaito, O.: SiC Whisker Reinforced SizN4
Composites. J. Mat. Sci. Let. 6 (1987) 1356-1358.

Becher, P.F. and Tiegs, T.N.: Toughening Behavior involving Multiple Mechanisms: Whisker
Reinforcement and Zirconia Toughening, J. Am. Cer. Soc. 70 [9] (1987) 651-654.

Akimune, Y., Katano, Y. and Shiehi, Y.: Mechanical Properties and Microstructure of an Air-
Annealed SiC-Whisker/Y-TZP Composite, Ad. Cer. Mat. Vol 3, No. 2 (1988) 138-142.

Vaughn, W.L., Homeny, J. and Ferber, M.K.: Interfacial Effects on the Mechanical Properties of
SiC Whisker/Al203 Composite, Presented at 11th Annual Conf. on Composites and Advanced
Ceramic Materials, Cocoa Beach, FL, Jan. 1987 (Paper 57-C-87C).

Tiegs, T.N., Becher, P.F., and Harris, L.A.: Interface Characterization in Alumina-SiC Whisker
Composites, Presented at 11th Annual Conf. on Composites and Advanced Ceramic Materials,
Cocoa Beach, FL, Jan. 1987 (Paper 58-C-87C).

Krug, G. and Danforth, S.C.: Rheological Behavior of SiC Whiskers in a Model Injection Molding
System, Presented at 11th Annual Conf.on Composites and Advanced Ceramic Materials,

Cocoa Beach, FL, Jan. 1987 (Paper 32-C-87C).

23




R91-918246-2

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Phillips, D.S. and Taylor, T.N.: Surface Chemistry and Microstructure of Some SiC Whisker
Types, Presented at 11th Annual Conf.on Composites and Advanced Ceramic Materials, Cocoa
Beach, FL, Jan. 1987 (Paper 31-C-87C).

Becher, P.F., Hsueh, C.H., Angelini, P., and Tiegs, T.N.: Toughening Behavior in Whisker-
Reinforced Ceramic Matrix Composites, J. Am. Cer. Soc., 71 [12] 1050-61 (1988).

Evans, A.G.: The Toughness of Whisker Reinforced Ceramics, Presented at MRS Fall Meeting,
Boston, MA, Dec. 1986 (Paper E5.4).

Davis, R.F., Nixon, R.D. and Chevacharoenkul, S.: Deformation Characteristics of SiC Whisker
Reinforced Si3N4, Presented at MRS Fall Meeting, Boston, MA, Dec. 1986 (Paper E5.9).

Nolan, T.A. and Allard, L.F.: The Influence of Whisker Surface Modifications on the
Microstructure and Properties of SiC Whisker-Reinforced Alumina, Presented at the Annual
Meeting of the Am. Cer. Soc., Indianapolis, IN, April 25, 1988 (Paper 59-SI-89).

Nutt, S.R.: Defects in Silicon Carbide Whiskers, J. Am. Cer. Soc. 67 [6] 428-431 (1984).

Nutt, S.R.: Microstructure and Growth Model for Rice-Hull-Derived SiC Whiskers, J. Am.Cer.
Soc. 71 [3] 149-156 (1988).

Nutt, S.R., and Phillips, D.S.: Interface Structure in Silicon Carbide-Silicon Nitride Composites,
Proceedings of Interfaces in Metal-Matrix Composites, Metalurgical Society of AIME, 1986, 111-
120.

Schoenlein, L.H., Jones, R.H., Henager, C.H., Schilling, C.H., and Gac, F.D.: Interfacial
Chemistry-Structure and Fracture of Ceramic Composites, Mat. Res. Soc. Symp. Rooc. Vol.
120, 1988, 313-321.

Campbell, G.H., Ruhle, M., Dalgleish, B.J., and Evans, A.G.: Whisker Toughening: A
Comparison Between Aluminum Oxide and Silicon Nitride Toughened with Silicon Carbide, J.

Am. Cer. Soc. 73 (3), 1990, 521-530.

Prewo, K.M. and Bacon, J.F.: Proc. of Second Int. Conf. on Composite Materials, Toronto
Canada (AIME New York 1978) 64.

Prewo, K.M., Bacon, J.F. and Dicus, D.L.: SAMPE Q (1979) 42.

24




R91-918246-2

37.

38.

39.

40.

41,

42.

43.

44.

45,

46.

47.

48.

Prewo, K.M.: Development of a New Dimensionally and Thermally Stable Composite,
Proceedings of "The Conference on Advanced Composites-Special Topics”, (Dec 4-6, 1979)
El Segundo CA.

Prewo, K.M. and Minford, E.J.: Graphite Fiber Reinforced Thermoplastic Matrix Composites for
Use at 1000°F, SAMPE J. Vol 21-1 (March 1985).

Prewo, KM.: A Compliant, High Failure Strain Fibre Reinforced Glass Matrix Composite, J. Mat.
Sci. 17 (1982) 3549-3563.

Bacon, J.F. and Prewo, K.M.: Proc. Second Intl. Conf. on Composite Materials, Toronto
Canada (AIME New York 1978) 753.

Prewo, K.M. and Brennan, J.J.: High Strength Silicon Carbide Fiber-Reinforced Glass Matrix
Composites, J. Mat. Sci. 15 (1980) 463-468.

Prewo, K.M. and Brennan, J.J.: Silicon Carbide Yarn Reinforced Glass Matrix Composites, J.
Mat. Sci. 17 (1982) 1201-1206.

"Brennan, J.J. and Prewo, K.M.: Silicon Carbide Fiber Reinforced Glass-Ceramic Matrix

Composites Exhibiting High Strength and Toughness, J. Mat. Sci. 17 (1982) 2371-2383.

Brennan, J.J.: Interfacial Characterization of Glass and Glass-Ceramic Matrix/Nicalon SiC Fiber
Composites, Proc. of the Conf. on Tailoring Multiphase and Composite Ceramics, Penn St.
Univ. (July 1985). Materials Science Research Vol 20, Plenum Press, New York (1986) 549-
560.

Minford, E.J. and Prewo, K.M.: Fatigue Behavior of SiC Fiber Reinforced LAS Glass-Ceramic,
ibid.
Prewo, K.M., Brennan, J.J. and Layden, G.K.: Fiber Reinforced Glasses and Glass-Ceramics for

High Performance Applications, Am. Cer. Soc. Bull. Vol. 65, No. 2 (Feb. 1986).

Brennan, J.J.: Interfaciai Chemistry and Bonding in Fiber Reinforced Glass and Glass-Ceramic
Matrix Composites. Proc. of the Conf. on Ceramic Microstructures '86: Role of Iinterfaces, Univ
of Calif, Berkeley (July 1986) Materials Science Res Vol. 21, Plenum Press, NY (1987) 387-400.

Mah, T., Mendiratta, M.G., Katz, A.P., Ruh, R. and Mazdiyasni, K.S.: Room Temperature
Mechanical Behavior of Fiber-Reinforced Ceramic-Matrix Composites, J. Am. Cer. Soc. 68 [1]
(1985) C-27-30.

25




R91-918246-2

49,

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Cooper, R.F. and Chyung, K.: Structure and Chemistry of Fibre-Matrix interfaces in SiC Fibre-
Reinforced Glass-Ceramic Composites: An Electron Microscopy Study, J. Mat. Sci. 22 (1987)
3148-3160.

Brennan, J.J.: Interfacial Characteristics of Glass-Ceramic Matrix/SiC Fiber Composites, Journal
de Physique, Collogue C5, supplement au n° 10, Tome 49, Oct. 1988, 791-809.

Fitzer, E. and Gadow, R.: Fiber Reinforced Composites Via the Sol/Gel Route, Materials Sci.
Res., Vol. 20, Plenum Press, NY (1986) 571-608.

Jamet, J., Spann, J.R., Rice, R.W. Lewis, D. and Coblenz, W.S.: Ceramic-Fiber Composite
Processing via Polymer Filled Matrices, Cer. Eng. Sci. Proc. 5[7-8] (1984) 677-694.

Antolin, P.B., Schiroky, G.H., and Andersson, C.A.: Properties of Fiber-Reinforced Alumina
Matrix Composites, Presented at 12th Annua! Conf. on Comp. and Advanced Cer., Cocoa

Beach, FL (Jan 1988) (Paper 40-C-88F).

Bhatt, R.T.: Mechanical Properties of SiC Fiber-Reinforced Reaction Bonded Si3zNg4

- Composites, Mat. Sci. Res., Vol. 20, Tailoring Multiphase and Composite Ceramics, Plenum

Press, NY (1986) 675-686.

Warren, J.W.: Fiber and Grain-Reinforced Chemical Vapor Infiltration (CV1) Silicon Carbide Matrix
Composites, Ceram. Eng. Sci. Proc. 5 [7-8] (1985) 684-93.

Caputo, A.J. and Lackey, W.J.: Fabrication of Fiber-Reinforced Ceramic Composites by
Chemical Vapor infiltration, Cer. Eng. Sci. Proc. 5 [7-8] (1984) 654-67.

Caputo, A.J., Lackey, W.J. and Stinton, D.P.: Development of a New, Faster Process for the
Fabrication of Ceramic Fiber-Reinforced Ceramic Composites by Chemical Vapor Infiltration, ibid
6 [7-8] (1985) 694-706.

Naslain, R. and Langlais, F.: CVI-Processing of Ceramic-Ceramic Composite Materials, Conf on
Tailoring Multiphase and Composite Ceramics, Penn St. Univ. (July 1985) Plenum Press, NY,
145-164.

Fitzer, E. and Gadow, R.: Fiber-Reinforced Silicon Carbide, Am. Cer. Soc. Bull. 65 [2] (1986)
326-35.

26




R91-918246-2

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Lamicq, P.J., Bernhart, G.A., Dauchier, M.M. and Mace, J.G.: SiC/SiC Composite Ceramics,
ibid, 336-38.

Stinton, D.P., Caputo, A.J. and Lowden, R.A.: Synthesis of Fiber-Reinforced SiC Composites
by Chemical Vapor Infiltration, ibid, 347-50.

Caputo, A.J., Stinton, D.P., Lowden, R.A. and Besmann, T.M.: Fiber-Reinforced SiC
Composites with Improved Mechanical Properties, Am. Cer. Soc. Bull. 66 [2] (1987) 368-72.

Moeller, H.H., Long, W.G., Caputo, A.J. and Lowden, R.A.: SiC Fiber Reinforced SiC
Composites Using Chemical Vapor Infiltration, SAMPE Quart. (April 1986) 1-4.

Colmet, R., Lhermitte-Sebire, |. and Naslain, R.: Alumina Fiber/Alumina Matrix Composites
Prepared by a CVI Technique, Adv. Cer. Mat. 1 [2] (1986) 185-191.

Stinton, D.P., Besmann, T.M. and Lowden, R.A.: Advanced Ceramics by Chemical Vapor
Deposition Techniques, Am. Cer. Soc. Bull. 67 [2] (1988) 350-356.

Lackey, W.J.: Review, Status, and Future of the Chemical Vapor Infiltration Process for

* Fabrication of Fiber-Reinforced Ceramic Composites, Cer. Engr. and Sci. Proc., Vol. 10, No. 7-

8, 1989, 577-584.

Brennan, J.J.: Interfacial Studies of SiC Fiber Reinforced Glass-Ceramic Matrix Composites,
Final Report R87-917546-4 on ONR Contract N00014-82-C-0096, October 15, 1987.

Brennan, J.J.: Interfacial Studies of Whisker and Coated Fiber Reinforced Ceramic Matrix
Composites, Annual Rept. R90-918185-1 on AFOSR Contract F49620-88-C-0062, May 31,
1990.

Lipowitz, J., Rabe, J.A., and Zank, G.A.: Polycrystalline SiC Fibers from Organosilicon
Polymers, paper 84-C-91F at the 15th Annual Conf. on Composites and Advanced Ceramics,
Cocoa Beach, Fla., Jan. 13-16, 1991.

Jarmon, D.C., Layden, G.K., Brennan, J.J., and Prewo, K.M.: Advanced Fabrication and
Characterization of Fiber Reinforced Ceramic Matrix Composites, Interim Report R89-917548-3
on ONR Contract NO0014-86-C-0649, Feb. 15, 1989.

Jarmon, D.C., McCluskey, P.H., and Brennan, J.J.: Advanced Fabrication and Characterization
of Fiber Reinforced Ceramic Matrix Composites, Final Report R90-917548-5 on ONR Contract
N00014-86-C-0649, Feb. 15, 1991.

27




R91-918246-2

72. Fischbach, D.B., Lemoine, P.M., and Yen, G.V.: Mechanical properties and structure of a new
commercial SiC-type fibre (Tyranno), J. Mat. Sci. 23 (1988) 987-993.

73. Murthy, V.S.R,, Lewis, M. H., Smith, M. E., and Dupree, R.: Structure and Degradation of
Tyranno Fibres, Materials Letters, V. 8, No. 8, Aug. 1989, 263-268.

74. Bonney, L.A., and Cooper, R.F.: Reaction-Layer Interfaces in SiC-Fiber-Reinforced Glass-

Ceramics: A High-Resolution Scanning Transmission Electron Microscopy Analysis, J. Am Cer.
Soc., Vol. 73, No. 10, October, 1990, 2916-2921.

28




R91-918246-2

Table |
Properties of UTRC-200 LAS and BMAS Matrix/Lox M Tyranno Fiber Composites
(0/90°)

AP Cer After70hrs. Qo T= 9200°C  1000°C 1100°C 1200°C 1300°C

550° 700° 800°
UTRC-200 496 462 496 434 462 662 504 338 ~0 -
(72) (67) (72) (63) (67) (96) (73) (49)
BMAS 448 476 248 242 165 317 414 400 572 127
(65) (69) (36) (35) (24) (46) (60) (58) (83) (17)
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Table I
Properties of BMAS Matrix/NICALON CG and Lox M Tyranno Fiber Composites
(0/90°)

AP Cer After70hrs.wo.T= 900°C  1000°C 1100°C 1200°C 1300°C

NICALON 441 428 152 242 310 358 345 462 552 165
(64) (62) (22) (35) (45) (52) (50) (67) (80) (24)
Tyranno 448 476 248 242 234 317 414 400 572 127
(65) (69) (36) (35) (34) (46) (60) (58) (83) (17
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FRACTURED END OF A LOT 9217-53C1 DOW CORNING SiC FIBER
UTS=58 ksi (400 MPa)

FIG. 12
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DOW CORNING SiC FIBERS (LOT 5217-41C)

FIG. 13
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DOW CORNING SiC FIBERS (LOT 9217-57C1)
a)

FIG. 14

91-4-52-14




R91-918246-2 FIG. 15

DOW CORNING SiC FIBERS (LOT 9217-57C1)
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R91-918246-2 FIG. 17

MICROSTRUCTURE OF UTRC-200 LAS MATRIX/UBE TYRANNO (LOX M) FIBER
COMPOSITE #49-90 (0°/90°)
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R91-918246-2 FiG. 18

FRACTURE SURFACE OF UTRC-200 LAS MATRIX/LOX M TYRANNO SiC FIBER
COMPOSITE #49-90 (0°/90°)
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FIG. 23

TEM/EDX THIN FOIL ANALYSES OF THE INTERFACIAL REGION IN AS-PRESSED
COMPOSITE #200-90 (UTRC-200 LAS MATRIX/LOX M TYRANNO SiC FIBERS)
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FIG. 24

INTERFACIAL FRACTURE CHARACTERISTICS OF LAS MATRIX/DOW CORNING SiC

FIBER (9217-57C1) COMPOSITE #414-90
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R91-918246-2 FIG. 25

INTERFACIAL FRACTURE CHARACTERISTICS OF LAS MATRIX/DOW CORNING SiC
FIBER (9217-41C) COMPOSITE #1-91
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FIG. 26

INTERFACIAL FRACTURE CHARACTERISTICS OF BMAS MATRIX/DOW CORNING SiC

FIBER (9217-57C1) COMPOSITE #462-90
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R91-918246-2 FIG. 27

INTERFACIAL FRACTURE CHARACTERISTICS OF BMAS MATRIX/DOW CORNING SiC
FIBER (9217-41C) COMPOSITE #2-91
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